Functional magnetic resonance imaging (fMRI) was used to determine the brain regions activated by two types of covert visuospatial attentional shifts: one based on exogenous spatial priming and the other on foveally presented cues which endogenously regulated the direction of spatial expectancy. Activations were seen in the cortical and subcortical components of a previously characterized attentional network, namely, the frontal eye fields, posterior parietal cortex, the cingulate gyrus, the putamen, and the thalamus. Additional activations occurred in the anterior insula, dorsolateral prefrontal cortex, temporo-occipital cortex in the middle and inferior temporal gyri, the supplementary motor area, and the cerebellum. Direct comparisons showed a nearly complete overlap in the location of activations resulting from the two tasks. However, the spatial priming task displayed a more pronounced rightward asymmetry of parietal activation, and a conjunction analysis showed that the area of posterior parietal cortex jointly activated by both tasks was more extensive in the right hemisphere. Furthermore, the posterior parietal and temporooccipital activations were more pronounced in the task of endogenous attentional shifts. The results show that both exogenous (based on spatial priming) and endogenous (based on expectancy cueing) shifts of attention are subserved by a common network of cortical and subcortical regions. However, the differences between the two tasks, especially in the degree of rightward asymmetry, suggests that the pattern of activation within this network may show variations that reflect the specific attributes of the attentional task.
INTRODUCTION
The ability to direct attention toward sensory events in the extrapersonal space is of crucial importance for adaptive behavior. Clinical observations on patients with focal brain damage and functional imaging experiments indicate that the distribution of spatial attention is coordinated by a large-scale distributed network of interconnected cortical areas in the posterior parietal cortex, the region of the frontal eye fields, and the cingulate cortex (Mesulam, 1981 (Mesulam, , 1983 (Mesulam, , 1990 Corbetta et al., 1993; Gitelman et al., 1996b; Nobre et al., 1997) . Patterns of anatomical connectivity and single unit recordings suggest that the parietal component is specialized for the perceptual representation of behaviorally relevant extrapersonal events as targets for attentional behaviors; the frontal component for selecting and executing motor strategies involved in foveation, exploration, and reaching; and the cingulate component for modulating effort and motivation (Mesulam, in press ). The effective shifting of attention toward motivationally relevant extrapersonal targets requires the integrity of all three components of this network. Damage to any one of these three cortical areas causes contralesional neglect (Heilman, 1980; Mesulam, 1981) . There is also an overall right hemisphere specialization pattern such that hemispatial neglect is more common and severe after right hemisphere lesions.
Spatial attention can be assessed by tasks based on covert shifts of attention during which no exploratory eye movement are allowed. Attentional shifts can be initiated exogenously by the reflexive reorienting of the attentional focus in response to peripheral priming stimuli or endogenously by biasing expectation in response to symbolic indicators, such as a central arrow pointing to the right or left hemispace. These two tasks elicit different cognitive processes: the peripheral cues trigger a rapid-acting but transitory reflexive orientation, whereas central cues initiate a deliberate orientation based on the probabilistic information provided by the cue (Posner, 1980; Jonides, 1981; Posner et al., 1982 Posner et al., , 1984 Mü ller and Rabbitt, 1989) . On occasion, cerebrovascular accidents can cause a differential impairment in these two tasks (Gitelman et al., 1995) . Furthermore, Alzheimer's disease leads to abnormalities with different temporal patterns in endogenous versus exogenous attentional shifting tasks (Parasuraman et al., 1992) . However, the neuroanatomical and neurophysiological differences in the regulation of these two modes of attentional shifting are poorly understood.
The purpose of the present study was to delineate the activations obtained in the course of attentional shifts triggered either by exogenous spatial cues or by endogenous expectancy-generating cues. We addressed two questions: (1) Are both of these tasks subserved by the same attentional network identified in the course of previous investigations? (2) Are there task-related differences in the internal organization of this network?
METHODS

Subjects
Ten subjects (eight males and two females) participated in the functional MRI experiment. None had any history of significant medical, neurologic, or psychiatric illness. Their mean age was 30.1 Ϯ 4.6 years. All subjects, as assessed by the modified Edinburgh inventory (Oldfield, 1971) , were right handed with an average handedness score of ϩ 90.0 Ϯ 13.1 (range ϩ 60 to ϩ 100).
Subjects were initially selected on the basis of performance in a behavioral experiment (see below) at the cognitive laboratory prior to imaging. All subjects gave their informed consent. The study protocols were approved by the Institutional Review Board at Northwestern University.
Behavioral Tasks
We used two attentional tasks, each based on a modification of the Posner paradigm (Posner, 1980 ). The spatial priming task was designed to elicit a shift of attention exogenously by a peripheral cue and the central expectancy task was designed to elicit a shift of attention endogenously by a central arrow cue. Both tasks required covert shifts of attention in the absence of eye movements (Fig. 1) .
The background display consisted of a central diamond (1°wide) and two peripheral squares (1.5°wide), located at approximately 7.5°of eccentricity in each visual field. In the spatial priming tasks, a brief change of luminance of one peripheral square for 100 ms provided a priming cue which was followed by a target. This cue did not predict the location of subsequent target appearance. Fifty percent of the targets were validly cued (cue and target on the same side) and 50% were invalidly cued (cue and target on opposite sides). In this way, the peripheral cue did not give any information that could be used to direct expectancy. The stimulus-onset asynchronies (SOA) were 100, 150, or 200 ms distributed in a pseudorandomized and balanced order.
In the central expectancy task, the centrally presented arrow cues were used to generate lateralized expectancy for subsequent target location. During each trial, brief presentation of a bold arrow within the central diamond for 100 ms indicated the side of target appearance 80% of the time (valid trials). Twenty percent of the time the target appeared opposite the cued side (invalid trials). The SOAs were 200, 400, or 800 ms.
In both tasks, the target stimuli were either a diagonal cross (X) or an upright cross (ϩ) which appeared briefly for 100 ms. The trial duration was 2 s. Subjects were requested to discriminate the target covertly using their peripheral vision and to respond as quickly and accurately as possible by pressing a response button only when the target was an X. In the central expectancy task subjects were informed about the contingency between the cues and targets, while in the spatial priming task they were told that the cue was not predictive. There were equal numbers of left-and right-sided cues and targets. Reaction times were recorded in the cognitive laboratory and during functional imaging.
Behavioral Procedures
In the cognitive laboratory, behavioral responses were measured, and eye movements were monitored. Subjects sat 40 cm away from a 21Љ monitor. Stimuli were presented by Superlab software running on a Macintosh PowerPC 8100/80 (Apple, Cupertino, CA) computer. Eye movements were recorded using an ISCAN infra-red monitoring system (ISCAN Co., Burlington, MA). Subjects performed at least 360 trials for the central expectancy task and 192 trials for the spatial priming task. We assessed whether subjects could maintain central fixation throughout all phases of the tasks, and whether they showed evidence of attentional shifts based on reaction times to valid versus invalid conditions. A longer reaction time to the invalid condition indicated that a shift of attention had taken place. Eye movements were examined dynamically with the Ilab software (D. R. Gitelman) by displaying a map of eye position overlaid on the stimuli the subjects were viewing.
The reaction time data were analyzed by a repeatedmeasures analysis of variance (ANOVA) on reaction times with a factor of validity. The presence of shorter reaction times during valid trials (P Ͻ 0.05) indicated that the subject's attentional focus was effectively shifted to the cued side (validity effect). Only subjects who were able to maintain eye fixation at the center and who had significantly shorter reaction times to valid trials on the tasks were included in the functional MRI study (see Results).
For the functional MRI experiment, the tasks were designed as a series of alternating active and baseline conditions. In the first experiment, the active condition consisted of the spatial priming task described above, and the baseline condition consisted of the static display of all visual stimuli during which subjects maintained central fixation, but did not respond. In the second experiment, the active condition consisted of the central expectancy task described above, and the baseline condition consisted of a similar static display. Fifteen trials occurred during each active condition block. The task order was counterbalanced across subjects.
MR Imaging Procedures
All subjects were imaged using a Siemens 1.5 Tesla Vision scanner. Their heads were fixed using a vacuum bag (VacFix, Toledo, Ohio) in concert with the positioning calipers built into the head coil.
They were given a nonmagnetic button, which allowed them to respond to the target stimuli. Thirty-two slices were acquired using a susceptibility weighted single shot EPI method (TR/TE 4350/40 ms, flip angle 90°, FOV 220 mm, 64 ϫ 64 matrix, slice thickness 4 mm). In all functional runs, the MR signal was allowed to achieve equilibrium over four scans that were excluded from analysis. Each functional run consisted of 112 images, representing 8 alternating rest-active pairs.
Anatomic images were acquired using a 3D FLASH sequence with the following imaging parameters (TR/TE 15/6 ms, flip angle 15°, FOV 220 mm, matrix 256 ϫ 256, slice thickness 1.0 mm). All anatomic and functional slices were obtained in transaxial planes parallel to the AC-PC line.
Stimuli were presented by Superlab software (Cedrus Co., Phoenix, AZ) running on a Macintosh Quadra 700 computer (Apple, Cupertino, CA). The images were projected onto a custom-designed, nonmagnetic rear projection screen. Subjects viewed the screen located approximately 170 cm from their eyes via a mirror. Reaction times were recorded in the magnet and only subjects who showed the validity effect in the magnet were included in the data analysis.
MR Imaging Data Analysis
FMRI data were analyzed using the SPM-96 software (Wellcome Department of Cognitive Neurology, London, UK) running under the MATLAB environment (Mathworks Inc., Sherborn, MA) (Friston et al., 1994a (Friston et al., , 1994b (Friston et al., , 1995a (Friston et al., , 1995b (Friston et al., , 1995c Worsley et al., 1996) . Application Visualization System (AVS) software (Advanced Visual Systems, Waltham, MA) was used for image overlay, scalp editing, volume rendering and image display.
All functional images were realigned and then coregistered to the anatomic images. Subsequently, they were spatially normalized into a standardized neuroanatomical space (Talairach and Tournoux, 1988 ) using a reference template image (Friston et al., 1995c) . The images were smoothed using a 7 mm isotropic Gaussian kernel. The final FWHM was approximately 9.8 ϫ 10.1 ϫ 9.7 mm 3 , and the mean maximum motion correction estimates were 0.45, 0.82, and 0.85 mm in the x, y, and z directions, respectively.
The functional data from each individual subject were analyzed with analysis of covariance (ANCOVA). Statistical parametric maps (SPMs) were obtained and voxels were considered significant if their Z scores were significant at P Ͻ 0.01 after correction for multiple comparisons. In addition, voxels within the brain regions hypothesized to be involved in the spatial attention were considered significant at P Ͻ 0.001 uncorrected. Cortical areas hypothesized to be engaged during the attention tasks were the posterior parietal cortex, the frontal eye fields (Paus et al., 1996) , the medial frontal areas, the cingulate gyrus (Morecraft et al., 1993; Paus et al., 1993) , the temporo-occipital cortex (DeYoe et al., 1996) , and the insula (Coull et al., 1997) . Subcortical areas hypothesized to be involved included the thalamus and the striatum (LaBerge and Buchsbaum, 1990) .
RESULTS
Behavioral Results
Ten subjects participated in the fMRI experiments. Of these 10, 7 showed significant validity effects for the spatial priming task (F(1, 6) ϭ 58.47, P Ͻ 0.01) and 7 showed significant validity effects for the central expectancy task (F(1, 6) ϭ 13.73, P Ͻ 0.05) during the imaging session. Only those subjects who showed validity effects were included in this study. Subjects responded faster in the valid trials than the invalid trials for both tasks (Table 1 ). There was significant interaction between task condition and validity of the cue (F(1, 12) ϭ 5.03, P Ͻ 0.05). Subjects responded more slowly to invalidly cued targets in the central expectancy task than in the spatial priming task. The accuracy of both tasks were not significantly different.
fMRI Activation of the Spatial Priming and the Central Expectancy Tasks
An identical set of areas were significantly activated by each of the two tasks. The cortical areas were located in the lateral premotor areas (frontal eye fields, FEF), 
FIG. 2. (A)
Activations seen in the spatial priming (A-1) and central expectancy (A-2) tasks. Each task activates a common set of areas in the frontal eye fields (FEF), banks of the intraparietal sulcus (IPS), the supplementary motor area-anterior cingulate cortex (SMA). The one difference is that the rightward asymmetry of IPS activation is much more pronounced in the spatial priming task. Activation of the left sensorimotor (SM) area is due to the button push response during the attention task. (B) Areas of cortical and subcortical activation obtained by conjunction analysis of the spatial priming and central expectancy tasks. The areas activated by both tasks include all components of the attentional network as well as the anterior insula (In) and the temporo-occipital region (TO). There was a rightward asymmetry in the IPS region activated by both tasks. CG, Cingulate gyrus; Pt, Putamen; Th, Thalamus. the medial frontal lobe (supplementary motor area, SMA), the posterior parietal lobes (predominantly along the banks of the intraparietal sulcus), the cingulate gyrus, the temporo-occipital cortex in the middle and inferior temporal gyri, the insula, the dorsolateral prefrontal cortex, and the left sensorimotor cortex. Subcortical activation was observed in the thalamus (the junction of the mediodorsal and medial pulvinar nuclei), putamen, and cerebellum bilaterally. Table 2 summarizes the area of significant activation obtained by each task. The magnitude of activation was greater in the central expectancy task, especially in the posterior parietal and posterior middle temporal regions. Furthermore, the IPS activation was more asymmetric (right Ͼ left) in the spatial priming task ( Fig. 2; A-1,  A-2) . In individual subjects, we defined a laterality index as the number of voxels in the right posterior parietal lobe minus that of the left posterior parietal lobe, divided by the number of voxels in both posterior parietal lobes (Right Ϫ Left/Right ϩ Left). The mean laterality score was 0.52 in the spatial priming task and Ϫ 0.04 in the central expectancy task (P ϭ 0.05).
fMRI Activation Obtained by Conjunction Analysis of the Spatial Priming and Central Expectancy Tasks
The group conjunction analysis of fMRI activation during two tasks is considered to reflect the regions subserving common cognitive operations underlying both tasks (Price and Friston, 1997 ). The cortical areas described below were significantly activated by conjunction analysis of both tasks (Table 3 and Fig. 2B) .
Lateral premotor areas (frontal eye fields). The lateral premotor activations extended into the regions usually included within the frontal eye fields. The peaks of activation were mainly located in the precentral gyrus at the level of the middle frontal gyrus in BA 6 in both hemispheres. In the right hemisphere, the area of activation extended from BA 4 posteriorly, to the dorsolateral prefrontal cortex (BA 44 and BA 9) ventroanteriorly, and to the superior frontal gyrus (BA 6) superiorly.
SMA. Large foci of activation were obtained in the SMA. The peaks fell in BA 6 of medial frontal cortex and extended ventrally to the cingulate sulcus.
Posterior parietal lobe. The posterior parietal lobes were activated bilaterally but with greater activation on the right. In the left hemisphere, the activation peaks were located within the intraparietal sulcus (IPS), and the adjacent inferior parietal lobule (IPL), including the supramarginal gyrus (BA 40). In the right hemisphere, a major activation peak was also located within the IPS, however, subpeaks also extended to the superior parietal lobule (SPL) (BA 7) superiorly, and to the supramarginal (BA 40) and angular gyri (BA 39).
Cingulate gyrus. Separate activation peaks were observed in the anterior and posterior regions of the cingulate gyrus. The anterior peak was located dorsally in BA 24 at the cingulate sulcus and the posterior peak was located ventrally in BA 23.
Temporo-occipital cortex. The posterior temporal gyri were activated bilaterally. The activation peaks were located in the posterior aspect of the superior and middle temporal gyri in BA 22 and 37, respectively. Subpeaks also extended posteriorly to the junction of BA 22 and 39 (junction of posterior superior temporal gyrus and angular gyrus), BA 37 and 39 (junction of posterior middle temporal gyrus and angular gyrus), and BA 19 and 37 (junction of posterior inferior temporal gyrus and inferior occipital gyrus) bilaterally.
Insula. The insula was bilaterally activated. The activation peaks were observed mainly in the anterior region of the insula. The inferior frontal gyrus adjacent to the insula was also activated in BA 44 and 45 in the right hemisphere.
Sensorimotor cortex. The central sulcus and adjacent pre-and postcentral gyri were activated in the left hemisphere. The activation peaks were located in BA 4, 3, 1, and 2. This activation can be attributed to the button push response which was done with the right hand in the experimental task but not in the control task.
Subcortical activation. The thalamus and the putamen were activated bilaterally. In both regions, the activation was greater in the left. The cerebellum was also activated bilaterally and the activation was more extensive in the right. Some of these activations may also reflect the button push with the right hand.
fMRI Activation Obtained by Subtraction between Two Tasks
Central expectancy minus spatial priming. Two main areas of difference were observed when the fMRI activation obtained by the spatial priming task was subtracted from that of the central expectancy task. These areas were located in the left posterior parietal region and the temporo-occipital region bilaterally (Fig.  2C) . Table 4 summarizes the significant differences obtained by subtraction between two tasks.
Spatial priming minus central expectancy. None of the differences were significant after correction for multiple comparisons.
DISCUSSION
The exogenous shifting of attention by a spatial priming task and the endogenous shifting of attention by an expectancy-generating task yielded activations in a common large-scale attentional network. The components of this network included the posterior parietal cortex, the lateral premotor area (including the frontal eye fields), the cingulate gyrus, the thalamus, and the striatum. In addition, both tasks led to activations in the supplementary motor area, temporo-occipital cortex in the middle and inferior temporal gyri, the anterior insula, and the dorsolateral prefrontal cortex. A conjunction analysis, done to isolate activations caused by cognitive components common to both tasks (Price and Friston, 1997) , supported the conclusion that this network of cortical and subcortical components subserves both exogenously and endogenously triggered shifts of spatial attention. The conjunction analysis also showed that the posterior parietal activation associated with the attentional function common to both tasks was more extensive in the right hemisphere. The more extensive right hemisphere activation in tasks that required subjects to shift attention equally to the left and to the right is consistent with a right hemisphere specialization model for the distribution of attention within the extrapersonal space (Heilman, 1980; Mesulam, 1981) . This model, based on the assumption that the left hemisphere directs attention predominantly to the contralateral right side, whereas the right hemisphere directs attention to both hemispheres, has been confirmed in the course of previous functional imaging experiments using various behavioral tasks (Corbetta et al., 1993 (Corbetta et al., , 1995 Gitelman et al., 1996a Gitelman et al., , 1996b Nobre et al., 1997) .
Some task-related differences were also identified. First, activations in the posterior parietal and temporooccipital regions were more extensive in response to directional cues which triggered endogenously generated shifts of spatial expectancy. Furthermore, the rightward asymmetry in the parietal cortex was more prominent in the spatial priming task and was quite inconspicuous in the endogenous cueing task. The possibility that attentional tasks with a heavy loading of endogenous (perhaps verbally mediated) determinants may show either no asymmetry or even more prominent left hemisphere activation has been raised previously (Nobre et al., 1996) . In that study, a task based on peripherally cued attentional shifts elicited more right hemisphere activation, whereas a task requiring the subject to cognitively shift attention in a direction opposite to that of the peripheral cue elicited greater left hemisphere activation.
The exogenously triggered attentional shifts were more heavily dominated by purely spatial determinants, another reason why it may have elicited a more asymmetric activation of the right hemisphere. However, the task based on peripherally cued attentional shifts contained a greater percentage of invalid trials, a factor which may also have contributed to the taskrelated differences noted in this study.
The temporo-occipital activation (TO in Fig. 2 ), overlaps, at least in part, the area that has been designated MTϩ by DeYoe et al., (1996) and which includes a number of movement-sensitive areas such as MT, MST, and FST. At least in the monkey brain, MST, and FST are interconnected with the frontal eye fields, posterior parietal cortex, and the cingulate gyrus, the three cortical epicenters of the attentional network (Mesulam et al., 1977; Barbas and Mesulam, 1981; Pandya et al., 1981; Boussaoud et al., 1990) . In a recent study with stringent controls for the nonattentional components of the task, prominent activations in this temporooccipital area were associated with covert shifts of attention (Gitelman et al., in press ). The activation of this area may reflect the inferred movement of the attentional focus across the visual scene. The present study shows that this area may be more closely associated with endogenously triggered shifts of spatial attention.
Previous investigations have shown that tasks of spatial attention based on manual exploration (Gitel- man et al., 1996a) , oculomotor exploration , and auditory cues (Medvedev et al., 1997) also activate an identical network of cortical areas. Taken together with the results reported above, these experiments support the conclusion that the frontal eye fields, posterior parietal cortex, and the cingulate gyrus provide the cortical epicenters of a macroscopic distributed network which coordinates all aspects of spatial attention. At a more microscopic level, components of this network may well show behavioral specializations. In fact, the greater rightward asymmetry in the exogenous cueing task and the greater activation of the posterior parietal and temporo-occipital cortices in the endogenous cueing task provide some evidence for task-related differences in the internal organization of this network.
